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Turbulent Rayleigh-Bénard convection, where a fluid layer of thickness H is heated from below and cooled from the top, has served as a model system for the study of a range of interesting problems in fluid dynamics [1, 2] . One of the intriguing features of turbulent convection is the emergence of a well-defined oscillation frequency in the temperature [3, 4] and velocity [5] power spectra at large Rayleigh numbers. The oscillations in the temperature and velocity fields are synchronized [6] and are associated with the dynamics of the large-scale circulation (LSC) [7] [8] [9] . Despite the large number of experimental studies [3] [4] [5] [6] [7] [8] [9] [10] , the origin of the coherent oscillations has eluded a number of attempts.
(i) Howard [11] first proposed that the thermal boundary layer near a conducting plate grows in time and becomes unstable when its thickness becomes larger than a critical value. Such a boundary layer instability produces periodic emission of thermal plumes at a diffusion-limited rate, f 0 $ = 2 , where is the thermal diffusivity of the convecting fluid. (ii) In 1995, Villermaux [12] proposed a deterministic model, in that the boundary layer instability is triggered by the incoming thermal plumes transported along the cell periphery by LSC. As a result, the thermal plumes are excited alternately between the boundary layers with a local frequency f 0 ' 1= t , where t ' 2H=U is the turnover time of LSC with U being the velocity of LSC. (iii) Recently, Brown and Ahlers [13] proposed two coupled stochastic equations to describe the motion of LSC. Under certain assumptions, the governing equation becomes that for an underdamped oscillator with a restoring force produced by a wall-generated pressure gradient, when LSC deviates from its preferred orientation. The resonant frequency around the local potential minimum is f 0 $ U=H. (iv) The last model, which was proposed by Araujo et al. [14] , considered a scenario in which insufficient heat exchange occurs because of temporal or spatial inhomogeneities in turbulent convection. Such inhomogeneities may cause accumulations of heat over time or at certain locations (hot spots), which can produce reversals or oscillations of LSC at a frequency
where ' is a characteristic length at which the local inhomogeneities occur.
Up to now, most of the convection experiments aimed at testing the above theoretical models were conducted in upright cylindrical cells with an aspect ratio close to unity [3] [4] [5] [6] [7] [8] [9] [10] . Our current understanding of the structure and dynamics of LSC is also built upon this body of experimental results. A natural question regarding this system is, to what extent can the obtained experimental results be applied to other convection systems? To answer this question, one needs to change either the aspect ratio or shape of the convection cell and test the theory in different types of convection cells.
In this Letter, we report a systematic study of the coherent oscillations in a convection cell with different geometry. As shown in Fig. 1 are two pieces of thermal insulating (curved) plate made of transparent Plexiglas. The two flat end walls of the cell are also made of the same Plexiglas. The cell has a circular cross section of inner diameter D ¼ 18:8 cm, and its thickness is L ¼ 3:0 cm. The corresponding aspect ratio is À ¼ L=D ¼ 0:16. This cell is designed to simplify the large-scale flow. It has a circular cross section without any corner in order to prevent secondary flows, which can destabilize LSC [14] . Because the flow is confined in a thin circular disk, other flow modes such as torsional and sloshing oscillations [9, 13] cannot be excited in this quasi-2D system. These simplifications allow us to have a stringent test of the theory.
The thin cell is filled with water and is placed inside a thermostat box, whose temperature matches the mean temperature of the bulk fluid. The Rayleigh number is defined as Ra ¼ gÁTD 3 =ðÞ, where g is the gravitational acceleration, ÁT is the temperature difference across the cell height (diameter) D, and , , and are, respectively, the thermal expansion coefficient, kinematic viscosity, and thermal diffusivity of the convecting fluid. In the experiment, the value of Ra is varied in the range 10 8 & Ra & 10 10 , and the Prandtl number is fixed at Pr ¼ = ' 5:4. The local temperature of the convecting fluid is measured by using a small waterproof thermistor and is sampled at 20 Hz. Local velocity measurements are conducted by using a laser Doppler velocimetry system. A standard shadowgraph method is used to visualize the large-scale flow in the cell. Other details about the experiment have been described elsewhere [15] . Figure 2 shows the large-scale flow and the spatial distribution of thermal plumes in the thin cell. It is found that the thermal plumes organize themselves with rising warm plumes (darker) on the right and falling cold plumes (brighter) on the left, resulting in a large-scale circulation in the circular plane of the cell [16] . The fly-wheel-like flow structure is also observed in the measured velocity profile UðrÞ along the radial direction [17] . The measured velocity has a zero mean at the cell center and increases linearly with the radial distance in the bulk region of the flow. Furthermore, we find that the measured Nusselt number (normalized heat flux) in the cell can be well described by a power law: Nu ¼ 0:255Ra 0:28 [17] . At position 3 (see Fig. 1 ), we measure the maximum horizontal velocity U 3 of LSC with varying Ra. The corresponding Reynolds number Re ¼ U 3 D= is also found to have a power law form: Re ¼ 0:042Ra 0:49 [17] . These results reveal that this system possesses the key features of turbulent convection, which have been observed in the À ¼ 1 upright cylindrical cells.
Even in this confined space, where it is impossible to excite the torsional and sloshing flow modes [9, 13] in the horizontal directions, we observe a well-defined oscillation frequency in the power spectrum of five different signals. 184504-2 contact with the insulating sidewall. The upward triangles are obtained from the measured U 3 ðtÞ at position 3. The downward triangles are obtained from the time-varying total heat flux signals. The instantaneous heat flux is measured by using a thin film heat flux sensor (Captec), which covers the entire surface of the top copper plate with good thermal contact. Finally, the solid circles are obtained from the rms intensity variation IðtÞ P i ½I i ðtÞ À I 0 ðtÞ 2 =I 0 ðtÞ of the shadowgraph images sampled over a small area of 2 Â 3 cm 2 at position 4. Here I 0 ðtÞ is the instantaneous mean value of the image intensity in the sampled area, and IðtÞ is defined in such a way that both the cold and warm plumes contribute to IðtÞ. It is found that IðtÞ increases with the total number of thermal plumes in the sampled area [17] . Similar oscillations in IðtÞ are also found at position 1. Figure 4 shows the typical power spectrum of four different fluctuating signals at Ra ¼ 3:3 Â 10 9 . All the power spectra reveal a common peak at f 0 ' 0:02 Hz. A weaker second harmonic peak at 2f 0 is also observed for IðtÞ and local temperature signals. We find that the second peak is more sensitive to the noise and can be overwhelmed by turbulent noise when it is strong. Figures 3 and 4 reveal several important features of the coherent oscillations in the thin cell. (i) All the oscillation frequencies collapse onto a single curve once they are normalized by t (or 0 ), suggesting that the oscillations are synchronized and are driven by the same mechanism.
(ii) The value of f 0 is approximately equal to 1= t for all values of Ra, suggesting that f 0 has the same Ra dependence, f 0 $ Ra 0:49 , as 1= t does. (iii) The observed oscillations in the total heat flux and in the corner region of the conducting plate suggest that the thermal boundary layer is involved in the oscillation dynamics. (vi) The oscillations found for IðtÞ at positions 1 and 4 (or 7 and 8) suggest that the coherent oscillation is directly connected to periodic emission of cold and warm plumes in the opposing corner regions of the conducting plates.
From these features we conclude that the coherent oscillations are generated by the periodic emission of thermal plumes from the upper and lower thermal boundary layers, which produces a pulsed LSC in the thin cell. The experimental results discussed so far can be fully accounted by Villermaux's model [12] , which explicitly involved interactions between the upper and lower boundary layers. To further test the theory, we examine the phase relation between the oscillating signals at different locations. In the experiment, we measure the cross-correlation function CðÞ ¼ hA i ðtÞA j ðt þ Þi=ð i j Þ of the oscillating signal AðtÞ between the positions i and j with i being the standard deviation at position i. Figure 5 shows the measured CðÞ for temperature fluctuations between positions 2 and 5 (red curve) and for image intensity variations between positions 7 and 8 (blue curve). In both cases, the measured CðÞ shows a well-defined oscillation of frequency f 0 . The image intensity variations at the two locations are in phase (blue curve), indicating that the two signals have no time delay. The temperature fluctuations at positions 2 and 5 are out of phase (red curve), because warm fluctuations at position 2 and cold fluctuations at position 5 have a sign difference. When the sign difference is taken into account, one finds that the temperature bursting at the two locations occurs at the same time.
To understand this fact, we reexamine the model in Ref. [12] consisting of two coupled nonlinear delayed equations, describing the amplitudes AðtÞ and BðtÞ of the instabilities in the two boundary layers, respectively,
Here r represents a growth rate of the boundary layer instabilities, is a parameter to set the oscillation amplitude, and c (0 < c < 1) is a coupling constant having a typical value of 0.5. The delay time 0 reflects the time interval for disturbances (thermal plumes) to travel from one boundary layer to the other. System (1) is written in a slightly different form from that used in Ref. [12] (by using the absolute value rather than the square of the amplitude in the delayed saturation terms), but it maintains all the essential features of the original model. System (1) presents a fixed point for A ¼ B ¼ ðr=Þ Â ½1=ð1 þ cÞ. Linear stability reveals that system (1) destabilizes as soon as r 0 > =2, leading to an in-phase oscillatory solution for AðtÞ and BðtÞ with weak modulations around the fixed point close to threshold, as seen in Fig. 6 . The corresponding oscillation frequency f 0 is such that 2f 0 ¼ r, leading to f 0 0 ¼ 1=4 in that limit. Away from the threshold, i.e., when r 0 ) =2, the system bifurcates to a strongly nonlinear regime, in which AðtÞ and BðtÞ oscillate out of phase, as shown in Ref. [12] . In this case, the growth rate of both AðtÞ and BðtÞ is maximized when the amplitude of the companion oscillator is close to zero, hence the phase opposition.
From the shadowgraph movie in Ref. [16] , we find that most warm plumes erupt from the lower one-half of the conducting plate between positions 3 and 7. The mixing of the incoming cold plumes takes place in the other half of the lower conducting plate. Therefore, the average traveling distance for the warm plumes to trigger the instabilities in the upper boundary layer is from positions 6 to 1. The corresponding traveling time is 0 ' D=ð4U 3 Þ. From the measured f 0 0 in Fig. 3 , we find that the condition f 0 0 ¼ 1=4 set by the marginal stability condition of system (1) is indeed satisfied in the experiment.
Our findings thus demonstrate the existence of a direct coupling between the top and bottom boundary layers, which is mediated by LSC and is responsible for a global oscillation, in the absence of other possible mechanisms. Both the in-phase oscillation between the two boundary layers and the quantitative comparison of its frequency in Fig. 3 support this scenario. Moreover, they also suggest that the convective flow in this cell is at a critical state, near the global instability threshold [in the sense of system (1)]. We notice that this is a special state under the predicted conditions, which may not be satisfied in other cell geometries [9, 13, 18] . In fact, we have found that, in a long horizontal cell of aspect ratio unity, the oscillations observed in the total heat flux disappeared [17] . We suspect that this is a ''dephasing'' process associated with an increased amount of incoherent emission of thermal plumes over a larger area of the conducting plate, whose intrinsic conductivity may also matter.
This work was supported by RGC of Hong Kong SAR under Grant No. HKUST603208.
